Recent outbreaks of highly pathogenic avian influenza (HPAI) in poultry have raised interest in the interplay between avian influenza (AI) viruses and their wild hosts. Studies linking virus ecology to host ecology are still scarce, particularly for non-duck species. Here, we link capture-resighting data of greater white-fronted geese Anser albifrons albifrons with the AI virus infection data collected during capture in The Netherlands in four consecutive winters. We ask what factors are related to AI virus prevalence and whether there are ecological consequences associated with AI virus infection in staging white-fronted geese. Mean seasonal (low pathogenic) AI virus prevalence ranged between 2.5 and 10.7 per cent, among the highest reported values for non-duck species, and occurred in distinct peaks with near-zero prevalence before and after. Throat samples had a 2.4 times higher detection frequency than cloacal samples. AI virus infection was significantly related to age and body mass in some but not other winters. AI virus infection was not related to resighting probability, nor to maximum distance travelled, which was at least 191 km during the short infectious lifespan of an AI virus. Our results suggest that transmission via the respiratory route could be an important transmission route of AI virus in this species. Nearzero prevalence upon arrival on their wintering grounds, in combination with the epidemic nature of AI virus infections in white-fronted geese, suggests that white-fronted geese are not likely to disperse Asian AI viruses from their Siberian breeding grounds to their European wintering areas.
INTRODUCTION
Recent outbreaks of highly pathogenic avian influenza (HPAI) in poultry have initiated a range of studies examining the interplay between avian influenza (AI) A viruses and their wild hosts (Chen et al. 2005; Olsen et al. 2006; Dugan et al. 2008; Lang et al. 2008; Latorre-Margalef et al. 2009a; Rohani et al. 2009 ). Although it is considered unlikely that HPAI has repeatedly been introduced in poultry by migrating birds (Olsen et al. 2006) , HPAI virus of the H5N1 subtype has been identified in apparently healthy birds (Chen et al. 2006; Gaidet et al. 2008; Kou et al. 2009) , and wild birds can spread this virus to previously uninfected areas (Olsen et al. 2006) . Furthermore, low pathogenic avian influenza (LPAI) virus of the H5 and H7 subtypes from wild birds can become highly pathogenic after spread in poultry (Röhm et al. 1996; Duan et al. 2007) . Knowledge of the ecology and dynamics of LPAI may therefore help us better understand and anticipate the dynamics and consequences of HPAI outbreaks.
Waterbirds are considered to form the natural reservoir of AI viruses (Hinshaw et al. 1980; Webster et al. 1992) . The habits of this species group seem particularly suitable for transmission, spread and persistence of AI viruses (Garamszegi & Møller 2007) . Many waterbird species are long-distance migrants, breed in (mixed-species) colonies and congregate in large numbers in staging areas outside the breeding season. Here, viruses may readily be transmitted between individuals from the same or different species.
Despite the recent surge in papers on the topic, our current knowledge of the epidemiology of AI viruses, virus ecology in relation to host ecology, the temporal and spatial patterns of AI viruses in their natural hosts, and the role of potential new hosts in AI virus ecology is still very limited (Krauss et al. 2004; Munster et al. 2007) . Many studies have focused on dabbling ducks of the genus Anas, the species group in which virus prevalence is generally highest (e.g. Olsen et al. 2006; Ip et al. 2008; Koehler et al. 2008; Latorre-Margalef et al. 2009a) . AI virus prevalence in ducks peaks just after the breeding season, when a high percentage of the population consists of immunologically naive juveniles (Krauss et al. 2004; Wallensten et al. 2007) . Just prior to and during the post-breeding migration to winter staging areas, AI virus prevalence may be as high as 60 per cent. Prevalence subsequently steadily declines to a seasonal low during spring migration (0.25-6.5%; Olsen et al. 2006) . The intestinal tract is the main site of AI virus detection in ducks, while the respiratory tract plays a limited role (Munster et al. 2009) . Ducks generally do not show any apparent disease signs after AI virus infection (e.g. Kida et al. 1980) and migration patterns are not affected by AI virus infection (Latorre-Margalef et al. 2009a) .
It is unclear whether these patterns also apply to other species groups. For example, van Gils et al. (2007) found that the behaviour of two AI-virus-infected Bewick's swans (Cygnus columbianus bewickii ) differed significantly from uninfected individuals. Infected swans experienced delayed migration, travelled shorter distances and fuelled at reduced rates. This suggests that temporal and spatial dynamics of AI may differ between species from different genera.
The Netherlands is the main winter staging area for geese in Europe with annual winter peak numbers of about two million geese (van Roomen et al. 2007 ). Since 1998, individuals of the most abundant species, the greater white-fronted goose, have been caught, measured and ringed with standard metal rings and a portion of them are additionally being equipped with uniquely identifiable neckbands before release. Since November 2005, most of these birds have been sampled consistently to test for AI virus infection. To improve our understanding of AI virus epidemiology, ecology and the dynamics of virus in waterbird hosts other than Anas species, we linked the capture-resighting data of individual white-fronted geese with their biometric data and AI virus infection test results. We asked how AI virus prevalence changes during the winter season, what factors are related to it in staging white-fronted geese, whether the intestinal tract or the respiratory tract is the main site of replication and whether there are ecological consequences associated with AI virus infection. Ultimately, we discuss what the consequences are of our findings for the spread of LPAI virus by white-fronted geese in northwestern Europe.
MATERIAL AND METHODS

(a) Geese sampling
The greater white-fronted goose (henceforth white-fronted goose) breeds in the arctic tundra and has a circumpolar breeding range. The species is divided into five subspecies, of which the nominate subspecies Anser albifrons albifrons breeds between the Kanin Peninsula and the Khatanga and Popingay rivers east of the Taimyr Peninsula. This subspecies winters in Europe and southwestern Asia. In recent years, numbers of 700 000 and more wintering white-fronted geese have regularly been observed in The Netherlands, representing around 80 per cent of the European wintering population (van Roomen et al. 2007) . During daytime, these birds graze in groups, mostly on agricultural grasslands and often together with other goose species. At night, they congregate in large numbers to roost on large water bodies, which are generally shared with a range of other waterbird species. White-fronted geese generally leave their breeding areas in September and start arriving in The Netherlands in November, where they stay until early March.
Using nystatin; ICN Pharmaceuticals, Zoetermeer, The Netherlands) and transported to the laboratory where they were stored at 2808C until analysis. Before transport, the samples were stored at 48C for a maximum of two weeks. These storage conditions may affect the probability of isolating viable viruses, but not the probability of virus detection using PCR (Munster et al. 2009) .
RNA isolation and virus detection were performed as described previously (Munster et al. 2009 ). In short, RNA was isolated using a MagnaPure LC system with the MagnaPure LC total nucleic acid isolation kit (Roche Diagnostics, Almere, The Netherlands) and influenza A virus was detected using a real-time reverse transcriptase-PCR (RRT-PCR) assay targeting the matrix gene (M). The specificity of M RRT-PCR does not differ between throat and cloacal swabs (Keawcharoen et al. 2008) . Amplification and detection was performed on an ABI7700 machine with the TaqMan EZ RT-PCR Core Reagents kit (Applied Biosystems, Nieuwerkerk a/d IJssel, The Netherlands). M RRT-PCR-positive samples were subsequently used for the detection of H5 influenza A viruses by using an RRT-PCR targeting the H5 gene (H5 RRT-PCR). H5 genepositive samples were subsequently characterized further by nucleotide sequencing of the haemagglutinin (HA) region spanning the cleavage site (Munster et al. 2009 ).
(c) Virus isolation and characterization All M RRT-PCR-positive samples were used for virus isolation. M RRT-PCR-positive samples were briefly centrifuged and 100 ml was inoculated into the allantoic cavity of 11-day-old embryonated chicken eggs. The allantoic fluid was harvested after 2 days and influenza A virus was detected using a haemagglutination assay with turkey erythrocytes. The HA subtype of virus isolates was characterized using a haemagglutination inhibition assay with turkey erythrocytes and subtype-specific hyperimmune rabbit antisera raised against all 16 HA subtypes (Fouchier et al. 2005) . The neuraminidase (NA) subtype of virus isolates was determined by RT-PCR and sequencing, using primers specific for the non-coding regions of NA, as described previously ). More methodological details can be found in Keawcharoen et al. (2008) and Munster et al. (2009) .
(d) Analysis Geese were sampled simultaneously in different sample sites, but sample sizes differed between locations and seasons (electronic supplementary material, table S1). Because white-fronted geese are very mobile in their wintering areas and display little site fidelity (Ebbinge 2009 ), we decided to pool the data from different sampling sites. Virus prevalence in ducks does not change linearly in the course of the winter season Latorre-Margalef et al. 2009a) . To analyse what factors explain the presence of AI virus in white-fronted geese, we therefore used general additive models (GAMs; Hastie & Tibshirani 1990 ) with a logistic link function and assuming a binomial error distribution, followed by a likelihood ratio test (or G-test) . The flexibility of a GAM can be expressed by the degrees of freedom (d.f.) of the spline modelling the relationship between response and explanatory variable, with flexible curves having more d.f. The models included the factors sex, age (juvenile, adult) and season (2005-2006, 2006-2007, 2007-2008, 2008-2009) , and the variables wing length (in centimetres), weight (in grams) and sampling date (days since 1 October). We included the interaction season Â date because we were interested in whether prevalence patterns differed between years. Forward significance testing at the 5 per cent level was used to examine whether adding a d.f. improved the fit of the GAM. Data of geese belonging to the same family group were not entirely independent (they were less variable than those of geese from different family groups). Nevertheless, in the analyses, they were considered as independent because we had no accurate information on the family relations of the caught geese.
We analysed whether AI virus infection affected resighting probability using generalized linear models (GLMs) with a logistic link function and assuming a binomial error distribution. Models included the factors season, sex and age, and the variables wing length, weight and sampling date. Because resighting probability is proportional to the number of days between sampling date and the start of spring migration, only linear effects of sampling date were investigated. Distance between sampling and resighting after various periods of time was analysed using models including season and sampling date, but with an identity link and logarithmic error distribution. In this analysis, birds that were sampled and resighted on the same dates and locations were considered to belong to family groups. To avoid pseudoreplication, only one randomly selected individual of each family group was included in the analyses. All models were fitted using standard facilities in GENSTAT (Payne et al. 2002) .
RESULTS
(a) Factors related to AI virus prevalence AI virus was detected in 5.5 per cent of the 4915 examined white-fronted goose samples. Initial analyses showed that infection rates differed significantly between seasons (2005 -2006, 2.6%; 2006 -2007, 2.9%; 2007 -2008, 10.7%; 2008 -2009, 6%; G-test, G ¼ 77.7, 3 d.f ., p , 0.001). Furthermore, the temporal patterns in prevalence differed between seasons (significant interaction between the curvilinear effects of sampling date and season; G ¼ 54.7, 3 d.f., p , 0.001). Also, the model fitting the relationship between sampling date and AI virus infection independently for each season performed better than the model in which the same relationship was fitted in all four seasons (G ¼ 140.06, 18 d.f., p , 0.001). We therefore examined the factors related to AI virus prevalence for each season separately. In all winters except that of 2007 -2008, prevalence was significantly higher in juvenile compared with adult geese (table 1 and figure 1). Differences in AI virus prevalence were not related to the percentage of juveniles; in the four consecutive seasons, this was 46.5, 29.8, 32.2 and 22.6 per cent, respectively. Sex and wing length were not significantly related to AI virus infection in any of the years, but in 2008 -2009 geese with a lower body weight had a higher AI infection probability (table 1; electronic supplementary material, fig. S1 ).
AI virus infection was significantly related to sampling date (table 1) 2005-2006, 1; 2006-2007, 2; 2007-2008, 8; 2008-2009, 8) .
Dynamics of avian influenza in geese D. Kleijn et al. 2043 December, respectively. Maximum infection probability in both seasons remained below 0.033 at all times. In the subsequent two seasons, AI virus prevalence showed pronounced peaks around 13 The threshold cycle (C T ) value is the first real-time amplification cycle in which target gene amplification is detectable. A low C T value indicates a high number of virus genome copies, and thus virus particles in the sample, whereas a high C T value indicates a small amount of virus (Munster et al. 2009 ). C T values of the 21 geese that tested positive for AI virus in both cloacal and throat samples did not differ significantly between the two sample types (paired t-test: t 20 ¼ 20.67, p ¼ 0.511; mean cloacal swab Ct value: 32.56; mean throat swab Ct value: 33.07).
(c) Ecological consequences of AI virus infection?
Ninety per cent of the 1787 white-fronted geese that received neckbands were resighted at least once after release. The percentage was somewhat higher for the 67 geese that tested positive, but this was not significantly different from AI-negative geese (93.7 versus 89.3; G ¼ 0.17, 1 d.f., p ¼ 0.676). Sex, age, wing length or body weight did not significantly affect the resighting probability (G , 1.07, 1 d.f., p . 0.30). The duration of AI virus infection in ducks is approximately 3-8 days (Latorre-Margalef et al. 2009a). We therefore examined the maximum distance covered by geese 1, 2, 4, 8 and 12 days after sampling. AI virus infection did not affect the mean maximum distance geese covered between 1 and 12 days after testing (p . 0.12). Note that the separate tests are not independent as they are to a considerable extent based on the same observations: the 503 geese that were resighted within 12 days of sampling were observed on average 1.8 times and 51 per cent were observed only once. The day after sampling, resighted geese were observed at a mean maximum distance of about 5 km from the ringing site. Between 1 and 12 days after ringing, the mean maximum distance increased by 2.2 km per day. There was a lot of variation between geese in the absolute maximum distance covered, however. The frequency distribution of the maximum distance between ringing site and resighting after 8 days followed an exponentially declining distribution (figure 3). The absolute maximum distance covered by a goose after 2, 4 and 8 days amounted to 93, 178 and 191 km, respectively.
DISCUSSION (a) AI virus prevalence in white-fronted geese in winter staging areas
Mean virus prevalence in the first two seasons was low and in the range of findings for other goose species (Bonner et al. 2004; Jonassen & Handeland 2007; Munster et al. 2007 ). The average prevalence of 10.7 per cent in the 2007 -2008 season is among the highest AI virus prevalence reported thus far for a species outside the genus Anas. In waterfowl, high AI virus prevalence is often associated with the presence of a high proportion of immunologically naive juvenile birds in the population (Krauss et al. 2004 ). This did not explain the variation in AI virus prevalence in our study, however, as in the 2007 -2008 season the percentage of juveniles was similar or lower than in the previous seasons, but AI virus prevalence was at least 3.7 times higher. Furthermore, in this season, prevalence in adult white-fronted geese was similar to that in juveniles. The high AI virus prevalence in the 2007 -2008 and 2008 -2009 seasons was largely due to distinct peaks with maximum AI virus prevalence of 30 to 60 per cent. The narrowness of the peaks is in agreement with the most recent insights into AI virus infection duration in mallards, lasting 3-8 days (Latorre-Margalef et al. 2009a) and suggests multiple distinct outbreaks of AI virus. It is unclear whether the prevalence peaks in the last two seasons were localized events or occurred simultaneously throughout the entire wintering population. Some peaks, but not others, were detected simultaneously in more than one sample site, but between-site differences in size and temporal distribution of samples (electronic supplementary material, table S1) makes the interpretation of these findings difficult. However, white-fronted geese are very mobile on their wintering grounds and the core wintering area is relatively small. Twenty-one per cent of the geese sampled in this study were resighted within 8 days beyond 50 km, and 2.6 per cent beyond 100 km (e.g. figure 3 ). The distance between our sampling sites varied between 50 and 220 km, and this range covers most of the wintering area of the whitefronted geese (electronic supplementary material, fig. S3 ). Assuming that our sampling was representative, the peaks in AI virus infection were therefore probably present in a large proportion of the wintering population of white-fronted geese.
Although within-season multi-modal distributions of AI prevalence have been reported before for mallards (Halvorson et al. 1983; Hinshaw et al. 1985) , they are at odds with the AI virus dynamics in surface-feeding ducks that have been reported in most recent studies. Most recent studies on ducks report a peak in prevalence just after the breeding season, a steady decline during southward autumn migration and a seasonal low during spring migration to the breeding grounds (Krauss et al. 2004; Bin Muzaffar et al. 2006; Munster et al. 2007; Wallensten et al. 2007; Ip et al. 2008) . Because it is present in the population throughout the year, AI is considered to be endemic in ducks (Webster et al. 1992; Krauss et al. 2004) . The multi-modal AI prevalence distribution suggests that AI virus infections behave epidemically in white-fronted geese. The near absence of AI virus prevalence upon arrival of white-fronted geese on their wintering grounds could be explained by whitefronted geese picking up AI virus only after their arrival on their wintering grounds. This would make whitefronted geese secondary hosts of AI virus at best. This hypothesis needs further testing and could be supported by the absence of AI virus infection on the Arctic breeding grounds of white-fronted geese.
Interestingly, the predominant AI virus detected within our study was of the H6N8 subtype (63%), which was detected in all sampling years except 2006 -2007. The relative abundance of the detection of the H6 subtype within the white-fronted goose population does not correlate with the predominant subtypes detected within Dynamics of avian influenza in geese D. Kleijn et al. 2045 mallards, which are regarded as one of the major AI virus hosts and are the most frequently sampled bird in The Netherlands. ).
(b) AI virus prevalence in intestinal versus respiratory tracts The high prevalence of AI virus in the last two seasons of the study was largely due to the oropharyngeal (throat) samples that were taken in these but not the other seasons of the study. AI virus prevalence in cloacal samples was similar in all 4 years. The fact that M RRT-PCR-positive cloacal and oropharyngeal samples were obtained from white-fronted geese suggests that AI viruses replicate in both respiratory and intestinal tracts. However, whitefronted geese displayed a 2.4 times lower detection frequency in cloacal than in oropharyngeal samples. This contrasts with mallards, in which AI virus detection in cloacal samples was 2.2 times higher than in oropharyngeal samples (Munster et al. 2009 ). The similar virus loads in cloacal and oropharyngeal samples (indicated by their similar C T values) suggest that differences in transmission or ecology rather than in replication of AI viruses are causing the higher detection frequency in oropharyngeal samples. Dabbling ducks defecate in surface waters where they also forage. This probably makes faecal -oral transmission an effective route for AI virus persistence in populations of these species. Geese, on the other hand, forage mainly on land where they defecate in compact droppings, making it less probable that viruses are transmitted by uptake of faecal matter. We therefore speculate that direct infection from respiratory tract to respiratory tract (as in humans) is more effective in these species, which would be in agreement with the higher AI virus prevalence in oropharyngeal samples. In any case, the implementation of oropharyngeal sample collection from geese species in AI virus surveillance studies is essential to study the circulation of AI viruses in these host populations.
(c) Ecological consequences of AI virus infection for white-fronted geese This is the first study that quantitatively examines the consequences of AI virus infection for dispersal of waterbirds (and thus spread of the virus) at the short time scale relevant to the virus infection cycle. Previously, van Gils et al. (2007) addressed this issue in Bewick's swans using GPS collars but could only examine dispersal behaviour of two AI-virus-infected birds. It is unclear how representative the observed reduced travelling distances are for AI-virus-infected Bewick's swans in general. LatorreMargalef et al. (2009a) examined dispersal of mallards during the course of the wintering season and found no differences between infected and uninfected birds. Because of the extended period of time between AI virus sampling and recovery of the mallards in the study by LatorreMargalef et al. (2009a) , any effects on dispersal behaviour during the infection period could have been masked by dispersal behaviour when birds were virus-free. In three of four seasons, infected and uninfected birds did not differ in body mass, which is in line with previous studies (e.g. Webster et al. 1978; Kida et al. 1980; van Gils et al. 2007 ). In the fourth season, however, AI-virusinfected birds had significantly lower body mass than uninfected birds. Similarly, Latorre-Margalef et al. (2009a) found significant year Â sex interactions for effects of LPAI virus infection on body weight of mallards, suggesting that effects of LPAI may differ between years. It remains unclear whether AI virus infection results in lower body mass or birds with lower body mass are more likely to become infected with AI virus (Flint & Franson 2009; Latorre-Margalef et al. 2009b) . It does suggest that AI epidemics may have different characteristics in different years. This is also indicated by the fact that juveniles had higher AI virus prevalence in the first two seasons and the last season (in agreement with findings of Ip et al. 2008) , but not in the third season. Whether these differences are the result of the dominance of different virus subtypes in different years or of the same subtype combinations under different environmental conditions remains to be examined.
Dispersal of infected white-fronted geese during the first 12 days after sampling did not differ in any way from that of uninfected birds (note that the statistical power of analyses on dispersal up to 4 days was low due to small numbers of observed geese). The potential spread of AI virus by white-fronted geese in the wintering season can therefore be explored using all birds caught and resighted. The results highlight the unpredictable nature of the dynamics of AI virus spread in the wintering white-fronted goose population, even without considering the potential effects on other waterbird species. AI virus prevalence varies considerably in the course of the wintering season (figure 2), and maximum dispersal distance and direction varies markedly between individuals (figure 3). This makes dispersal of the AI virus a stochastic process, dependent on the number of geese that are infected, as well as the distance and direction in which they travel during the infectious lifespan of the virus in its host.
Nevertheless, the results do indicate that AI viruses can easily and rapidly spread through the entire western European wintering white-fronted goose population. More than 700 000 individuals of this species winter between November and March in The Netherlands (van Roomen et al. 2007) . Additionally, a significant number of white-fronted geese winter in neighbouring parts of Belgium and Germany. The furthest distance covered by any of the 345 geese resighted after 8 days was 191 km. Using the four-season average AI virus prevalence of 5.5 per cent yields an estimate of a daily average of 112 white-fronted geese dispersing AI virus at least 191 km within 8 days of infection (700 000 Â 1/345 Â 0.055). If anything, this is a conservative estimate because the maximum distance at which geese were resighted underestimates the real maximum dispersal distance. Birds with shorter dispersal distances that were not resighted do not bias the results, whereas missed birds with longer dispersal distances do.
(d) Implications for spread of AI virus by white-fronted geese Migration connects bird populations in time and space. Populations wintering in geographically widely separated areas may share breeding areas or, conversely, birds breeding in markedly different locations may use the same staging areas outside the breeding season (Bairlein 2001) . This raises concern about the possibility of migratory waterbirds spreading HPAI H5N1 virus across continents (Chen et al. 2005; Liu et al. 2005; Olsen et al. 2006) . The epidemic nature of AI virus infections in white-fronted geese, in combination with the near-zero prevalence upon arrival on their wintering grounds, suggests that white-fronted geese are not likely to disperse Asian AI viruses from their Siberian breeding grounds to their European wintering areas. An AI-virusfree departure of white-fronted geese from their breeding grounds followed by repeated infections on their different staging areas could explain the patterns observed in this study.
Our findings illustrate the large potential of waterbirds to disperse AI virus. The wintering population of whitefronted geese in western Europe forms a single reservoir in which AI viruses can be introduced and spread. AI virus picked up from other species at common roosting sites may thus spread rapidly through the entire population, as well as being passed on to other species. It is unknown what this implies for the potential role of white-fronted geese in the spread of HPAI because knowledge of LPAI viruses in wild birds cannot simply be extrapolated to HPAI viruses (Olsen et al. 2006) . Experimental infection with H5N1 virus in Chinese geese Anser cygnoides killed all infected birds within 7 days (Chen et al. 2006) . Prior infection with LPAI virus may protect waterfowl against a lethal H5N1 subtype challenge (Pasick et al. 2007; Kalthoff et al. 2008) . Nevertheless, no HPAI has been isolated so far from apparently healthy goose species and the bar-headed goose Anser indicus was the main victim of one of the largest outbreaks of HPAI in wild birds worldwide (Chen et al. 2006) . These species are closely related to white-fronted geese, suggesting that HPAI may not be readily spread by this species because of its pathogenic effects.
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